Abstract. Choosing an adequate initial design for optimization plays an important role in obtaining high-quality extreme ultraviolet (EUV) lithographic objectives. A grouping design method with real ray tracing model is developed to acquire initial configurations of high numerical aperture (NA) objective for EUV lithography. In this method, the objective system is first divided into three mirror groups. The initial parameters of each mirror group are then determined by real ray calculation under design constraints. Finally, the three mirror groups are connected directly into a feasible initial system. Due to real ray calculation, the discrepancy of the ray path induced by paraxial approximation and the exhaustive search of variables is avoided in a high-NA objective design. In addition, the incidence angles on reflective mirrors can be controlled in the design of each group, which makes the initial configuration suited to further optimization and compatible multilayer design. An NA 0.33 six-mirror EUV lithographic objective is designed as an example to implement this method.
Introduction
Extreme ultraviolet (EUV) lithography is a promising candidate for next-generation lithography, so the design of an EUV lithographic objective system has received much attention in recent years. [1] [2] [3] [4] [5] For an EUV objective system, the large number of variables and design requirements make the optical system design difficult. In the past, several design methods for the initial configurations of EUV lithographic objective have been proposed in the literature. Lerner et al. applied y −ȳ design diagram to obtain initial solutions. 6 However, the applicability of this method to the objective systems, which have more than four reflective mirrors, requires further study. Bal et al. and Bociort et al. proposed a design method based on a paraxial approximation model and initial configurations were designed via exhaustive searching of all the independent variables. 7, 8 Because the number of independent variables is large, the computation for a feasible initial configuration is very expensive and it is impossible to constrain the beam incidence angles on mirrors. Hudyma presented an idea of a grouping design for a six-mirror objective in which the objective was separated into two groups, but the design method was not mentioned. 9 Recently, we developed a grouping design method with paraxial analysis. 10, 11 However, the paraxial approximation leads to the discrepancy of ray path and the mismatch for the pupils of three mirror groups. Thus an incorrect judgment for obstruction may have happened and the three mirror groups could not be connected directly to get a whole objective. We still have to make an iterative calculation and exhaustive search of variables to match the design constraints and to get a whole objective. In addition, although the adverse effects of large incidence angles on reflective mirrors were demonstrated in a high-numerical aperture (NA) EUV objective system, 12 little attention has been paid to the control of incidence angles in the current initial configuration design methods.
In this paper, a grouping design method with real ray tracing model is developed to acquire spherical initial configurations of a six-mirror EUV objective. This is accomplished as follows: First, the whole system is divided into three mirror groups. Then the initial parameters of object-side group and image-side group are determined according to several aspects: requirements of objective design, design constraints such as aperture stop constraint, nonobstruction constraint, and incidence angle constraint. Once the parameters of object-side and image-side groups are determined, all the parameters of the middle group can be calculated with the conjugation constraint. Using a real ray tracing model, the pupils of three mirror groups are matched exactly. So the three mirror groups can be directly connected into a feasible objective system without iterative calculation and exhaustive search of variables when the middle group satisfies nonobstruction constraint and incidence angle constraint. In addition, some constraints imposed reduce the independent variables in an objective system, which significantly simplifies the design process. With this method, an NA 0.33 EUV lithographic objective is designed and a composite root-meansquare (RMS) wavefront error of 0.026λ (λ ¼ 13.5 nm) is achieved through further optimization.
Grouping Design with Real Ray Tracing Model
In our grouping design strategy, an objective system is divided into object-side group (G1), middle group (G2), and image-side group (G3), and is shown in Fig. 1 . Several system parameters such as the NA on the image side and the magnification of system (M) should be set according to the requirements of the objective design first. The image height (YIM) and the chief ray angle of incidence on mask (CA) are determined according to the following principles: The YIM should be adjusted appropriately to avoid obstruction on the fifth mirror M5, in order to avoid the intersection between the light cones of illuminator and objective and keep mask-induced effects small, so CA should be 13 arc sinðNA × jMjÞ < CA ≤ 6 deg;
(1)
YOB ¼ YIM∕jMj:
Object-Side Group
Object-side group (G1) contains M1 and M2. The configuration parameters of G1 include the radius of M1 (r 1 ), the radius of M2 (r 2 ), the distance between mask and M1 (L 1 ), and the distance between M1 and M2 (d 1 ). The ray path of G1 is shown in Fig. 2 . A designer could assign reasonable values of L 1 and d 1 according to the limitation of beam incidence angle on M1 and M2 and total track of objective. To avoid obstruction, the clearance between the clear aperture of a mirror and the real ray beam nearby is determined by the edge region of a mirror and assembly requirement. The aperture stop of the objective system is placed on M2. According to the aperture stop constraint, the chief ray should pass through the center of the stop. Thus, r 1 can be calculated by
where h z1 represents the chief ray height on M1, and z z1 represents the distance between the chief ray incidence point on M1 and the vertex of M1. An aperture stop constraint can be used once, since there is only one stop in the objective system. According to the nonobstruction constraint, r 2 can be calculated by
where CL1 is the clearance mentioned above and it represents the longitudinal distance between the clear aperture of M1 and the upper marginal ray reflected from M2, h a2 represents the upper marginal ray height on M2, h b1 represents the lower marginal ray height on M1, U a2 represents the upper marginal ray aperture angle of M2 on the object side, z a2 represents the distance between the upper marginal ray incidence point on M2 and the vertex of M2, and z b1 represents the distance between the lower marginal ray incidence point on M1 and the vertex of M1.
We first assign infinity to r 1 and r 2 as starting values. Then the unknown parameters (h z1 , z z1 , h a2 , h b1 , U a2 , z a2 , z b1 ) to calculate r 1 and r 2 in Eqs. (4) and (5) can be acquired by real ray tracing with the commercial optical design software CODE V. With the iterative computations, the results of r 1 and r 2 will be unchanged at last. In this way, all the parameters of G1 are determined.
Image-Side Group
Image-side group (G3) contains M5 and M6. The chief ray is parallel to the optical axis on the wafer to meet a telecentricity condition. For convenience, G3 is designed in a reverse sequence. The configuration parameters of G3 include the radius of M5 (r 5 ), the radius of M6 (r 6 ), the distance between wafer and M6 (L 6 ), and the distance between M5 and M6 (d 5 ). The ray path of G3 is shown in Fig. 3 .
The values of L 6 and d 5 are determined by the designer according to the total track requirement first. A virtual surface D1 is then set at the position of M5 and the incidence rays from thebwafer pass through the virtual surface D1 to M6. By imposing the nonobstruction constraint to M5, r 6 is calculated by Fig. 1 Grouping strategy for a six-mirror EUV lithographic objective. Fig. 2 Ray path of object-side group. Fig. 3 Ray path of image-side group.
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where h a6 represents the upper marginal ray height on M6, U a6 represents the upper marginal ray aperture angle of M6 on the object side, CL5 represents the longitudinal distance between the used area of M5 and the lower marginal ray passing through it, h bD1 represents the lower marginal ray height on D1, z a6 represents the distance between the upper marginal ray incidence point on M6 and the vertex of M6, and z bD1 represents the distance between the lower marginal ray incidence point on D1 and the vertex of D1. According to the nonobstruction constraint of M6, r 5 is calculated by
where h a5 represents the upper marginal ray height on M5, U a5 represents the upper marginal ray aperture angle of M5 on object side, h b6 represents the lower marginal ray height on M6, CL6 represents the longitudinal distance between the clear aperture of M6 and the upper marginal ray reflected from M5, z b6 represents the distance between the lower marginal ray incidence point on M6 and the vertex of M6, and z a5 represents the distance between the upper marginal incidence point on M5 and the vertex of M5. The parameter determination and design process of G3 are similar to that of G1. In this way, the initial design of G3 can be completed. The middle group (G2) contains M3 and M4. Five configuration parameters of G2 should be figured out. They are the radius of M3 (r 3 ), the radius of M4 (r 4 ), the distance between M3 and M4 (d 3 ), the distance between the entrance pupil and M3 (L z3 ), and the distance between the exit pupil and M4 (L 0 z4 ). The layout of G2 is shown in Fig. 4 . G2 is designed to connect the ray path of G1 and G3. The entrance (exit) pupil of G2 should match the exit (entrance) pupil of G1 (G3) for both position and diameter. Thus the parameters of G2 should meet the real ray tracing equations. The ray path of chief ray in G2 is shown in Fig. 4 . According to the ray path of the chief ray, we get
where I zi represents the chief ray incidence angle on Mi, U 0 zi represents the chief ray aperture angle of Mi on image side, L zi represents the intercept of the chief ray of Mi on the object side, and L 0 zi represents the intercept of the chief ray of Mi on the image side.
The ray path of the upper marginal ray in G2 is shown in Fig. 5 . According to the ray path of the upper marginal ray, we get
where I ai represents the upper marginal ray incidence angle on Mi, U In Eqs. (8) and (9), η 2 (η 0 2 ) is the entrance (exit) pupil diameter of G2 which overlaps the exit (entrance) pupil of G1 (G3) exactly, U z3 (U a3 ) is the chief (upper marginal) ray aperture angle of M3 on the object side, and U 0 z4 (U 0 a4 ) is the chief (upper marginal) ray aperture angle of M4 on the image side. These six parameters have been derived from G1 and G3. In addition, the petzval sum of the whole objective system should be zero to meet the aplantic condition, so the radius r 3 and r 4 should satisfy the equation:
Equations (8), (9), and (10) are called conjugation constraints in which 17 independent equations and 17 variations are included. The five configuration parameters of G2 are contained in the 17 variations. So the five configuration parameters of G2 can be acquired by solving the conjugation Eqs. (8), (9), and (10). There may be many solutions of G2 because the conjugation equations are nonlinear. In this condition, the configuration of G2 with lower incidence angles on mirrors and free-obstruction will be chosen to connect G1 with G3 directly without an exhaustive search of variables and iterative computations. Then the grouping design for the spherical initial configuration of six-mirror objective is completed effectively.
If, unfortunately, the adequate solution of G2 with lower incidence angles on mirrors and free-obstruction does not exist, we have to modify a few parameters of G1 and G3 and redesign G2 until an adequate solution is acquired.
Generation of New Design Forms
The grouping design method with a real ray tracing model can be used to acquire different initial configurations of a high-NA objective. When the values of independent variables in G1 (G3) such as L 1 (L 6 ) and d 1 (d 5 ) are changed, a new design form of G1 (G3) can be calculated under the aperture stop constraint and nonobstruction constraint. To connect the ray path of the new G1 and G3, the potential design form of G2 would therefore change. A new initial configuration would be generated by connecting the three relative mirror groups. In this way, another two six-mirror objectives (NA 0.33) having the design forms illustrated in Figs. 6(b) and 6(c) were obtained.
In the design process of each mirror group, the beam incidence angle limitation is imposed to ensure that the design forms have lower incidence angles. This merit makes the three initial configurations perhaps more suitable for further optimization and compatible multilayer design compared with the initial configurations designed by the paraxial search method (see Figs. 7-9 in Appendix of Ref. 8) . However, the diversity of the new design forms would be decreased due to the limitation imposed.
Objective Optimization and Performance
With the spherical initial configuration, aspheric coefficients must be added in the optimization process to achieve highquality imaging performance. To keep the features of the initial configuration (low incidence angles on the mirrors and free-obstruction), an optimization process without changing ray paths too much is required. This is done by first optimizing the system with several low-order aspheric coefficient variables, then adding high-order aspheric coefficient variables and a perturbing operation gradually in the optimization process so that a minimum of merit function is acquired. The step of perturbations should be set properly since a too large step will make the final design far from the initial configuration.
With the design and optimization method mentioned above, a high-quality six-mirror objective system with an NA of 0.33 is obtained. The layout of the objective is shown in Fig. 7 . The system specifications are shown in Table 1 and the optical characteristics are shown in Table 2 . The total track is about 1360 mm and the back working distance is about 41 mm. The maximum aspheric departure is 40 μm on M1. The incidence angles are well controlled and the chief ray angles of incidence are as follows: mask: 
Conclusions
We have presented a grouping design method using a real ray tracing model for EUV lithographic objectives. An example of an NA 0.33 EUV objective design has demonstrated some advantages of this method. Some real ray constraints (aperture stop constraint, nonobstruction constraint, conjugation constraint) are imposed on the three mirror groups' design, which makes the independent variables reduced from 13 to only 4 in a spherical initial six-mirror system. In the meantime, real ray tracing avoids the discrepancy of ray path and the pupils mismatch of groups which are caused by paraxial approximation. Thus, the three mirror groups can be connected directly without an exhaustive search of variables and iterative calculations. The merits of this method mentioned above improve the efficiency of the design process. Furthermore, we control the incidence angles on reflective mirrors in the design process which makes initial configurations suitable for further optimization and compatible multilayer designs. These advantages enable an optical designer to get an initial and qualified high-NA EUV objective effectively in a short time. 
